The present paper introduces new pipe-level energy metrics to evaluate the energy transformations in the individual pipes of water distribution systems. To evaluate these metrics, energy supplied to each pipe is categorized into delivered and required energy, leakage, friction and surplus energy and then compared to each other. The results of the pipe-level energy assessment of the two systems imply that the energy performance of pipes can vary considerably across a distribution system. Also, the proximity of pipes to major components (e.g., pumps and tanks) and pipe flow rates can have a large impact on the energy efficiency of pipes.
Introduction
There are different sources of energy inefficiency in water distribution system, ranging from pipe frictional losses, leakage, to topographical changes that create a need to lift water. For example, leakage in distribution systems is problematic for two reasons because it increases unaccounted-for-water [1] and it also imposes an additional energy requirement to pump water to satisfy the leak. Colombo and Karney [2] showed that diurnal demand/pressures can affect the manner in which fissures and cracks in pipes conduct the leakage. Colombo and Karney [3] also demonstrated that the presence and location of pumped storage can be a large determinant of leakage level and pumping energy cost.
Energy use indicators help characterize the different types of energy losses in water networks and can provide insights to municipalities as to what appropriate pipe rehabilitation actions should be undertaken to save energy. A number of researchers have developed metrics to understand the system-wide energy dynamics in distribution systems. Pelli and Hitz [4] developed energy indicators to relate system-wide energy efficiency to pump efficiency, and reservoir location. Cabrera et al. [5] presented a set of metrics to characterize the system-wide energy balance in water networks as well as energy losses to friction, leakage, and overpressure. Dziedzic and Karney [6] reviewed energy metrics for water distribution systems that characterize and compare energy loss to leakage, friction and energy delivered to the consumers, based on two key parameters of pressure and flow. The authors discussed the fact that inefficiencies originate from aged pipes, leakage and lost water. Cabrera et al. [7] presented additional indicators to assess the energy efficiency of a pressured system, by showing how far a system is from the realistic and perfectly efficient state. In a follow-up paper, Cabrera et al. [8] , summarized a 6-stage procedure to analyze system-wide energy interactions in distribution systems.
Unlike previous studies in this area, the aim of this paper is to introduce new pipe-level energy metrics to evaluate the energy transformations that take place in the individual pipes of water distribution systems. Unlike the system-wide metrics developed by Cabrera et al. [5, 7, 8] and Dziedzic and Karney [6] , the new model considers energy transformations in a single pipe. The pipe-level energy metrics also provide a means to evaluate the effectiveness of strategies such as water main replacement and water conservation in eliminating the deficit or surplus in energy delivered to users or elsewhere downstream of a pipe. The energy metrics can be used to guide the planning and design (and optimization) of capital upgrades (e.g., pipe replacement and rehabilitation) and pressuremanagement and water conservation strategies in water distribution systems. The new pipe-level metrics are applied to two distribution networks to demonstrate how pipes in a network have different levels of energy efficiency or energy loss, and finally, highlight the sources of efficiency loss in a system. This approach can provide utility managers with insights about the localized inefficiency in networks and help them take area-specific rehabilitation decisions.
Energy use in a pipe
Pipes have a finite pipe wall roughness which imposes frictional energy losses across them. Deteriorated pipes often have leaks that engender water losses to the neighboring soil. Often, users of a pipe impose a demand that exceeds the minimum required water use, due to inefficient use of water, inefficiencies in appliances, theft of water [9] , water waste through inefficient industrial processes [10] , user perception of appropriate water use [11] , gratuitous and unnecessary lawn and garden watering [12] , etc. A schematic of the hydraulic grade line in a pipe is indicated in Figure 1 . Here, the pipe conveys a flow Q at an upstream pressure head H s . The pipe delivers a pressure head H d to a user that imposes a demand Q d in the pipe. For the sake of generality, the pipe can have a leak that produces a leakage flow rate of Q l . The pipe also conveys an additional flow Q-Q d -Q l to users further downstream of the pipe elsewhere in the network. The upstream pressure head H s supplied to the pipe is greater than the minimum required pressure head H min needed to provide an acceptable service to the end user. The difference between supplied head H s and minimum head H min is made up by a surplus head H surplus , local losses H local incurred by blockages, valves, etc. and the combined frictional head loss due to demand Q d , leakage Q l , and the additional flow Q-Q d -Q l to provide water service to downstream users in the network. In a real pipe, there is a portion of energy that is useful, or in other words, that serves a social purpose by satisfying minimum requirements -that is in meeting a minimum required demand Q min at a minimum required pressure H min . The remaining portion of energy falls in the category of "energy overhead" that is owing to surplus pressure, local energy losses across valves, blockages, etc., and frictional losses in the pipe. The energy components in a real pipe are indicated in Figure 1 and described below. According to the First Law of Thermodynamics, the energy balance (energy is conserved through the pipe) for a single pipe is:
where 
Metrics to Evaluate Energy Relationships at the Pipe Level
Five metrics are presented in this paper to characterize the energy efficiency, energy requirements and energy losses in the pipes of a water distribution network.
Efficiency Metrics: Efficiency metrics compare the minimum energy required by the user or the energy delivered to the user to the energy supplied to the pipe. The first efficiency metric M 1 compares the energy delivered to the user (to fulfil some social function) to the energy supplied to the pipe. The maximum value for M 1 is1.0, which means that all the energy supplied to the pipe is delivered to the user. The minimum value for M 1 is 0.0, which means that none of the energy supplied to the pipe is delivered to the user.
The second metric, M 2 , compares the energy delivered to users at the end of the pipe to the net energy in the pipe (energy supplied to the pipe minus energy that flows out of the pipe to meet downstream demand minus frictional loss that occurs in this pipe because of the flow being provided to downstream pipes).The maximum value of M 2 is 1.0 where all the energy supplied to the pipe is delivered to the user. The minimum value is 0.0 where none of the energy supplied to the pipe is delivered to the user. pipes with a total length of 40 km, an elevated storage tank and a pumping station controlled by minimum and maximum water levels in the elevated storage. Total hourly demand in this network is 38.5 lps and almost 15% of the total demand is lost to leakage throughout the day. The average daily pressure in this second system is 60 m. The elevated tank is the dominant source of water as it provides nodes with water for extended periods during the day. Excess pressure in both case studies was compared against a baseline pressure of approximately 30 m less than the average pressure of each system. 
Results
The metrics were evaluated by calculating individual energy components in each pipe over a 24-hour extended period. Metric values were not calculated for the pipes connected to the elevated storage and pumping station (pipes 10 and 110 in the first system and pipes 10 and 1 in the second system). The EPANET2 toolkit [13] and a Visual Basic code were used to retrieve pipe flows and nodal pressures to calculate energy values in each pipe. Table 2 shows the values of metrics M 1 through M 5 for the system reported in Dziedzic and Karney (2014) . Note that M 5 is not reported in Table 2 because there is no leakage in the system. The results in Table 2 and Figure 3 indicate that the values of M 1 (ratio of energy delivered to energy supplied) are lowest in pipes 11, 111 and, 12 and 112 located closest to the pumping station and elevated storage tank. This is because these pipes are required to convey a large portion of flow that is destined to downstream locations in the system. The values for M 2 in Table 2 suggest that when downstream effects are excluded, the ratio of energy delivered to the net energy supplied to the pipe is close to 1.0. This suggests that the energy efficiency in all the pipes is high in large part because friction loss comprises a small portion of the overall energy balance in each pipe. The values of the requirements metric M 3 in Table 2 suggest that all pipe deliver 8-15% more energy to the user than the minimum required. This surplus energy carries benefits in terms of excess pressure and greater service reliability in critical situations of hydraulic or mechanical failure. However, in general, small-diameter pipes and flows located at the downstream end of the network, such as pipes 31 and 122, have a smaller amount of surplus energy. The values of the frictional loss metric M 4 in Table 2 and Figure 3 confirm that frictional loss represents a small fraction of total energy in the pipes of the system. Further, frictional loss in pipes located in close proximity to the water sources that carry high flow rates (e.g., pipes 11 and 111) tends to comprise a larger percentage of overall energy in the pipe. 
System Reported in Dziedzic and Karney (2014)

System Reported in Cabrera et al. (2010)
The results in Table 3 indicate that the presence of both frictional losses and leakage in the system contribute to a low ratio of energy delivered to energy supplied (M 1 ) that ranges between 8-45%. This is most evident in the pipes closest to the source and that carry higher flow rates (e.g., pipes 11, 12, 113 and 111) since these pipes must convey flows destined to locations further downstream in the network. The results in Table 3 also indicate that the presence of leakage in the system lowers the values of metric M 2 that ranges from 58-77%. The values of M 3 in Table 3 suggest that all pipe have some level of surplus energy to protect against unexpected mechanical/hydraulic failures in critical situations. As in case study 1, small-diameter pipes located downstream of major components (e.g., pipes 121, 122, 31) have minimal surplus energy, since they have a lower level of delivered energy, due to water losses between the sources and these areas. As in case study 1, the values of M 4 in Table 3 and Figure 4 suggest that friction losses comprise a greater portion of total energy in pipes that are in close proximity to the pumping station and carry high flows (e.g., pipes 11 and 111). The results also suggest that pressure and not leak aperture size (as reflected in the emitter coefficient) drives the level of leakage and the leakage energy metric M 5 in the network. The pipes 113 and 123 serve to illustrate this effect. Even though these pipes both have a low value of emitter coefficient, their proximity to the source (elevated storage) in a high-pressure zone means that they have high leakage levels and high values of the leakage metric M 5 . 
Discussions and concluding remarks
The aim of the paper was to present new pipe-level energy metrics and to demonstrate their use by applying them to two simple distribution systems. The results of the pipe-level energy assessment of the two systems examined imply that the energy performance of pipes can vary considerably across a distribution system. The application of the metrics to the test systems demonstrated that the proximity of pipes to major components (e.g., pumps and tanks) and flow rates conveyed by pipes can have a large impact on the energy efficiency of pipes. The new pipe-level metrics have the potential to help municipalities identify energy inefficiencies in a system and guide the rehabilitation of water mains to reduce energy use and operating cost. Future work will apply these metrics in a large, complex distribution system and apply statistical analyses to relate poor or strong metrics values to explanatory factors such as pipe location, diameter, flow rate and etc.
